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ASSESSING INTRA-EVENT PHOSPHORUS DYNAMICS  
IN DRAINAGE WATER USING PHOSPHATE  
STABLE OXYGEN ISOTOPES 
W. Ford III,  M. R. Williams,  M. B. Young,  K. W. King,  E. Fischer 
ABSTRACT. Quantifying fluxes and pathways of dissolved reactive phosphorus (DRP) in tile-drained landscapes has been 
hampered by a lack of in situ measurements that are sensitive to P fate and transport processes. One potential tool to help 
understand these dynamics is the oxygen isotope signature of phosphate (18OPO4); however, its potential benefits and lim-
itations are not well understood for intra-event dynamics at the field scale. The objectives of this study were to quantify 
intra-event variability of 18OPO4 signatures in tile drainage water and assess the efficacy of 18OPO4 to elucidate mecha-
nisms and flow pathways controlling DRP transport to tile drains. We collected water samples during a summer storm event 
from a subsurface (tile)-drained field located in west-central Ohio and analyzed for 18OPO4 of DRP. Supplementary water 
quality measurements, hydrologic modeling, and soil temperature data were used to help understand intra-event 18OPO4 
dynamics. Results of the soil extraction analysis from our study site highlight that the soil water-extractable P (WEP) pool 
was not in equilibrium with long-term, temperature-dependent water isotope values. This result suggests that P-rich soils 
may, at least partially, retain their original source signature, which has significant implications for identifying hotspots of 
P delivery in watershed-scale applications. Results of the storm event analysis highlight that equilibration of leached DRP 
in soil water creates a gradient between isotopic compositions of pre-event shallow subsurface sources, pre-event deep 
subsurface sources, and the WEP tied up in surface soils. The current study represents the first intra-event analysis of 
18OPO4 and highlights the potential for phosphate oxygen isotopes as a novel tool to improve understanding of P fate and 
transport in artificially drained agroecosystems. 
Keywords. Agriculture, Edge-of-field, Macropores, Phosphate oxygen isotopes, Tile-drainage. 
xcess phosphorus (P) losses from agricultural 
lands have been linked to harmful algal blooms in 
surface water bodies across the globe (Abell et al., 
2012). Decades of intensive agricultural manage-
ment has resulted in the accumulation of P in many fields 
(Powers et al., 2016), most of which is found in near-surface 
soils (Baker et al., 2017). Throughout the Midwestern U.S. 
and other poorly drained landscapes, subsurface (tile) drain-
age is often the dominant pathway for dissolved reactive P 
(DRP) transport from agricultural fields to nearby water-
ways (Macrae et al., 2007; Blann et al., 2009; King et al., 
2015a, 2015b; Jarvie et al., 2017). While it is widely recog-
nized that tile drains increase the hydrologic connectivity be-
tween fields and adjacent surface waters, the mechanisms 
controlling DRP fate and transport between surface soils and 
tile drains are poorly understood. Understanding these DRP 
dynamics is critical for development and implementation of 
field-scale management strategies to reduce DRP loadings. 
Studies investigating the partitioning of flow pathways 
via stable water isotope tracing and numerical models have 
found that between 10% and 90% of tile discharge during 
storm events was comprised of event water (Vidon and Cau-
dra, 2010; Granger et al., 2010; Kennedy et al., 2012; Klaus 
et al., 2013) On an annual basis, the significance of 
macropore flow is evidenced by recent results from a mod-
eling study performed in Ohio, suggesting that 48% of tile 
discharge originates from macropore pathways (Ford et al., 
2017). Two prominent flow pathways, saturated macropore 
flow and unsaturated macropore flow, have been hypothe-
sized to account for this rapid transport of event water 
through the subsurface during storm events. For saturated 
macropore flow, the soil moisture content exceeds the water 
holding capacity of the soil matrix, and rapid flow paths such 
as earthworm burrows, fingered paths, and root channels are 
activated (Klaus et al., 2013). In contrast, under dry anteced-
ent conditions, desiccation cracks in shrink-swell soils can 
develop. When soil infiltration capacity is exceeded at the 
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onset of an event or when ponding occurs, these cracks can 
serve to transport water and contaminants rapidly to tile 
drains (Nimmo et al., 2012). 
Increases in DRP concentration in tile flow during storm 
events are likely the result of near-surface P sources being 
transported to tile drains by preferential flow pathways. 
However, few studies have explicitly focused on partitioning 
the pathways of DRP delivery. Recent work in tile-drained 
fields in Ohio has used both field observations between DRP 
concentration and water isotope tracers (Williams et al., 
2016a) and numerical modeling of saturated and unsaturated 
flow (Ford et al., 2017) to link DRP with specific flow path-
ways. While both studies provided new insights into DRP 
dynamics, these studies and others have acknowledged the 
confounding influence of matrix-macropore interactions on 
the fate of DRP whereby flow may enter or exit macropores 
at various depths in the soil profile. Methods for directly 
tracing the source and transformation of P will be vital to 
improve understanding of DRP fate and transport during 
storm events in tile-drained fields. 
Using the stable oxygen (O) isotope ratio of 18O/16O in 
phosphate (18OPO4) is an emerging approach that has been 
employed to study microbial P cycling and P source appor-
tionment in both inland and coastal surface water bodies 
(Elsbury et al., 2009; Young et al., 2009; McLaughlin et al., 
2013; Granger et al., 2017; Tonderski et al., 2017) and soils 
and sediments (Jaisi et al., 2011; Tamburini et al., 2012, 
2014; Joshi et al., 2016; Pistocchi et al., 2017). Previous 
studies employing 18OPO4 have largely been conducted ei-
ther during a single sampling campaign (e.g., grab samples 
from several locations along a stream reach in addition to 
potential end-member sources of P) or seasonally. Despite 
the dynamic nature of DRP transport during storm events, 
there are currently no studies that have examined patterns of 
18OPO4 within an event. The objectives of the current study 
were to (1) quantify intra-event variability of 18OPO4 signa-
tures in tile drainage water during a large summer storm 
event and (2) assess the efficacy of 18OPO4 in combination 
with modeling and supplementary soil and water quality data 
to elucidate potential mechanisms and flow pathways con-
trolling DRP transport to tile drains. 
METHODS 
STUDY SITE 
A privately owned tile-drained field located in Mercer 
County, Ohio, was monitored for a storm event in late June 
2015 (fig. 1). The field site is part of a broader USDA-ARS 
edge-of-field research program established to quantify the 
impact of conservation practices on nutrient fluxes in surface 
and subsurface pathways (Williams et al., 2016b). The field 
had a surface and subsurface drainage area of 3.7 ha and was 
characterized by low hillslope gradients (1% to 3%), tile lat-
erals approximately 1 m deep, and somewhat poorly drained 
clay-loam soils (Blount and Glynwood soil series). The 
study site receives an average of 973 mm of precipitation, 
based on edge-of-field monitoring over the past five years. 
Surface runoff and tile drainage accounts for 16% and 14%, 
respectively, of annual precipitation. The monitored storm 
event for this study occurred on June 26-28, 2015. A total of 
99.4 mm of precipitation fell over the three-day period, gen-
erating 9.6 mm of tile flow and 30.0 mm of surface runoff. 
Historically, the field was managed by the same producer 
under a corn-soybean rotation. In 2015, corn was planted on 
May 8, and surface application of urea and ammonium ni-
trate at a rate of 281 L ha-1 (119.5 kg ha-1 of N) was com-
pleted on June 12, two weeks prior to the monitored storm 
event. Prior to 2005, poultry litter was regularly applied to 
the field to meet crop N demand, which resulted in elevated 
soil P concentration. No P fertilizer has been applied to the 
field since 2005, and the average Mehlich-3 P concentration 
in the upper 20 cm was 312 ppm, based on soil samples col-
lected in the fall of 2015 (Duncan et al., 2017). These soil 
test P concentrations are considered high by agronomic 
standards, exceeding recommendations for no additional P-
based fertilizer applications by an order of magnitude (Vi-
 
Figure 1. (a) Map of the Great Lakes region showing the location of the study field as well as the supplemental soil temperature and stable water 
isotope data, and (b) aerial photo of the study field showing the location of tile laterals and tile outlet monitoring station. Soil temperature data 
were collected in DeKalb County, Indiana, from two fields with the same soil series between 2006 and 2016. Stable water isotope data were 
collected from tile drainage water in Hancock County, Indiana (Vidon and Cuadra, 2010) and Delaware County, Ohio (Williams et al., 2016a). 
The rainfall and river stable water isotope calibration site used by Kendall and Coplen (2001) and Dutton et al. (2005) near Oxford, Ohio, is also 
shown. 
(a) (b)
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tosh et al., 1995). As a result, large annual losses of DRP in 
surface runoff (0.6 to 2.4 kg ha-1) and tile drainage (0.7 to 
2.7 kg ha-1) have been observed from this field (Pease et al., 
2018). 
SAMPLE COLLECTION AND ANALYSIS 
Soil Samples 
Three soil cores (1 m deep) were collected in May 2015 
from six locations in the study field (18 total soil cores) using 
a soil probe (Giddings Machine Co., Windsor, Colo.) to 
characterize the distribution of P throughout the soil profile. 
Cores were partitioned into six depth increments (0-5, 5-20, 
20-35, 35-50, 50-65, and 65-80 cm). Water-extractable P 
(WEP) concentrations in soil samples were determined fol-
lowing Self-Davis et al. (2000). Briefly, soil samples were 
dried (60°C for 48 h), sieved (2 mm), and a 1:10 soil to water 
ratio was shaken for 1 h on a reciprocating shaker. The sus-
pension was then filtered (0.45 m) and immediately ana-
lyzed with a discrete analyzer (SEAL Analytical Inc., Me-
quon, Wisc.) for molybdate reactive P. Water-extractable P 
was chosen because it is a direct measure of soil solution P 
concentration and previous studies have found strong corre-
lations between soil WEP and runoff DRP concentration 
(Pote et al., 1996). 
Water Samples 
The field tile drain was instrumented with a compound 
weir insert (Thel-Mar LLC, Brevard, N.C.) and Isco 4230 
bubbler flowmeter (Teledyne Isco, Lincoln, Neb.) to record 
water depth at 10 min intervals. Water samples (900 mL) 
were collected using Isco 6712 portable water samplers 
(with PVC vinyl tubing). During a large summer storm event 
(June 26-28), water samples were collected hourly. In total, 
56 water samples were collected. Samples were retrieved 
from the field during and immediately following the storm 
event, filtered (0.45 m), and refrigerated (4°C). Based on 
previously collected nutrient data from the study field, water 
samples were composited to ensure enough volume for sub-
sequent phosphate oxygen isotope analysis, which resulted 
in an average sample collection interval of 2.5 h during the 
event and 23 composited samples. Concentrations of PO4-P, 
NO3-N, and NH4-N were determined colorimetrically 
(USEPA, 1983) by flow injection analysis using a Quik-
Chem 8000 FIA automated ion analyzer (Lachat Instru-
ments, Loveland, Colo.). 
PHOSPHATE OXYGEN ISOTOPE ANALYSIS 
Laboratory Preparation and Analysis 
Silver phosphate was precipitated from soil WEP and tile 
water samples according to the methods of McLaughlin et 
al. (2004). Regarding laboratory preparation of tile-drain and 
WEP samples, two large teaspoons of MgCl-6H2O and 
150 mL of 1 M NaOH were added to the samples, which 
were then placed in the refrigerator overnight. The following 
day, the samples were siphoned and centrifuged at 3500 rpm 
in 250 mL bottles. Nitric acid (10 M) was used to clean the 
original sample container, and it was added to the current 
sample container along with 5 mL of concentrated acetic 
acid and 10 mL of 1 M potassium acetate. A cerium nitrate 
solution was added to the samples to precipitate cerium 
phosphate, and the samples sat overnight. The 250 mL solu-
tion was consolidated to 50 mL by centrifuging and decant-
ing of the supernatant. The cerium phosphate solution was 
then repeatedly rinsed with 0.5 M potassium acetate and cen-
trifuged to ensure removal of chloride ions. The rinsed ce-
rium phosphate was dissolved with 1 M nitric acid, and 
4.5 mL of conditioned cation exchange resin (Bio-Rad AG 
50W-X8) was added to remove cerium ions. The sample was 
placed on a shaker table overnight, and then water was sep-
arated from the resin using Kimball glass columns. We 
added 1 mL of 2 M ammonium nitrate, reduced the pH to 7, 
and dissolved 0.5 g of silver nitrate to precipitate the silver 
phosphate solution. The sample was vacuum-filtered and 
dried in a Petri dish at 50°C overnight. 
Upon initial analysis, we found interference from dis-
solved organic matter for the water samples; therefore, hy-
drogen peroxide was added to the precipitated silver phos-
phate to remove organic matter, and the samples were rean-
alyzed (Zohar et al., 2010b). While it is possible to introduce 
new inorganic P during hydrogen peroxide rinses, it is un-
likely to have impacted our 18OPO4 measurements because 
no additional free silver was available for formation of addi-
tional precipitate at that stage (Tamburini et al., 2010). For 
both soil extract and water samples, the final precipitated sil-
ver phosphate was weighed (0.3 to 0.4 mg) into silver cap-
sules, and approximately 1 mg of nickelized carbon (NiC) 
was added to each capsule. The 18O value of the silver phos-
phate was measured using thermal decomposition at 1270°C 
on a Eurovector elemental analyzer coupled to an IsoPrime 
continuous-flow isotope ratio mass spectrometer (CF-
IRMS) at the U.S. Geological Survey Stable Isotope Labor-
atory (Menlo Park, Cal.). Two internal silver phosphate 
standards, MR-3 (+10.9‰) and MR-4 (+20.2‰), were used 
for calibration and analyzed at three different size ranges 
(spanning the range of sample weights) at the beginning and 
end of each run and after each batch of ~10 samples. Blanks 
consisting of empty silver capsules and silver capsules con-
taining only NiC (~1 mg) were included with each analytical 
run, and no oxygen contamination was detected. Analytical 
precision averaged 0.4‰ for 18O based on replicate anal-
yses of the silver phosphate standards. The 18O isotopic val-
ues are reported using standard delta notation relative to Vi-
enna Standard Mean Ocean Water (VSMOW). 
Expected 18OPO4 Equilibrium Calculations 
Phosphorus cycling in the soil is well recognized to alter 
the oxygen isotopic signature of P pools and can be predicted 
using a temperature-dependent equilibrium fractionation 
equation (Tamburini et al., 2014). The 18OPO4 values ex-
pected for temperature-dependent isotopic equilibrium with 
water 18OH2O signatures were calculated using the following 
equation defined by Chang and Blake (2015): 
 18 18PO4 H2O
1000O 1 4 43 26 54  O
273 15
. .
T .
         (1) 
where T is water temperature (°C), and 18OH2O is the oxygen 
isotope signature of water (‰). The equation derived by 
Chang and Blake (2015) was based on a rigorous and con-
trolled laboratory calibration of the temperature-dependence 
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of equilibrium phosphate and water, catalyzed by inorganic 
pyrophosphatase over a range of typical environmental tem-
peratures. While soil temperatures and 18OH2O measure-
ments were not explicitly measured at the field site during 
the specified event, supplementary data and literature values 
obtained from tile-drained fields in the region were used to 
provide estimates for both (fig. 1). Air temperature, soil type, 
and water content are governing parameters regulating soil 
temperature (Williams et al., 2012). In the absence of soil 
temperature data at our study site, we were able to apply data 
from two fields approximately 120 km north of our field 
sampling site that had the same soil series (Blount and Glyn-
wood), average annual precipitation (900 to 1000 mm), and 
average annual air temperature (10°C to 11°C) as our event 
monitoring site (fig. 1). During May and June 2015, average 
air temperature at the study site was 19.4°C, compared to 
18.6°C at the field site where soil temperature data were ob-
tained. Soil temperature data were collected at 5, 20, 40, and 
60 cm depths from 2006-2016 using HydraProbe soil sensors 
(Steven Water Monitoring Systems, Inc., Portland, Ore.). To 
calculate equilibrium 18OPO4 values, monthly average soil 
temperature values for the month of June (1 standard devi-
ation) at each depth were used. Regarding water isotope val-
ues, a broad range of literature-derived values for drainage 
waters in the region was used, which ranged from -10‰ to -
6‰ (Kendall and Coplen 2001). This conservative range 
was corroborated by recent measurements of pre-event water 
from tile drains in May-June of nearby tile-drained fields 
ranging from -8‰ to -6.63‰ (Vidon and Cuadra, 2010; Wil-
liams et al., 2016a). 
MODELING SOIL MOISTURE VARIABILITY  
WITH WALRUS 
Within-event variability of soil moisture has been shown 
to be a key factor controlling DRP transport and the suscep-
tibility of the soil profile to macropore flow (Ford et al., 
2017). In the absence of soil moisture measurements, the 
Wageningen Lowland Runoff Simulator (WALRUS) model 
was applied, calibrated, and validated for the study field 
(Brauer et al., 2014). The WALRUS model was selected be-
cause it is (1) broadly applicable to low-gradient shallow wa-
ter table systems with surface runoff and quick return flow 
through overland and macropore pathways, (2) parsimoni-
ous, requiring calibration of only four parameters, and 
(3) capable of simulating flow partitioning at a high resolu-
tion (minutes to hours) as opposed to the more complex 
models that either are highly parameterized or simulate at a 
crude (daily to monthly) timestep. The WALRUS model 
continuously accounts for dynamics and interactions be-
tween five water reservoirs including land surface, 
quickflow, vadose zone, groundwater, and surface water. It 
also accounts for internal (capillary rise, infiltration, over-
land flow, surface-groundwater exchange) and external 
(evapotranspiration, surface water extraction, downstream 
transport) fluxes in response to a storm event. The wetness 
index (W) is a dynamically calculated parameter, scaling be-
tween 0 and 1, that reflects the susceptibility of precipitation 
to be partitioned to preferential quickflow pathways. The 
wetness index is simulated as: 
 
  max min 0 1 1cos
2 2
v w
w
d ,c ,
W
c
     
 (2) 
where dv is the vadose zone moisture storage deficit (mm), 
and cw is the wetness index parameter (mm) and is calibrated 
based on comparison with measured data. 
Previously published model forcing and evaluation data 
were used for the case study model application (King et al., 
2016). Model forcing data included precipitation and evapo-
transpiration. Precipitation was measured at the field site us-
ing an Isco 674 tipping-bucket rain gauge that was corrected 
using a standard rain gauge (NovaLynx 260-2510). Evapo-
transpiration was calculated using the Penman-Monteith 
equation for a hypothetical short grass reference crop that 
was corrected for maize as a function of growth stage (Allen 
et al., 1998; Huffman et al., 2012). 
The model was parameterized based on site characteris-
tics and broad ranges that are default values of the model. 
Initializing model parameters included depth of the drainage 
system (CD), fraction of the land surface covered by water 
(as), and initial depth of the groundwater table (dGo). Because 
the system is under free drainage, we set both dGo and CD to 
the depth of the tile drains (1 m) and set as to its minimum 
value because our field site represented the entirety of the 
drainage areas. We parameterized soil properties to have 
characteristics of sandy-clay soils. The soil series at the 
study site was found to be composed of Glynwood and 
Blount series (NRCS web soil survey; https://websoilsur-
vey.sc.egov.usda.gov), which are classified as clay-loam 
soils. Because the soil parameter values from the Brooks-
Corey relationship for sandy-clay soils fall well within one 
standard deviation of the clay-loam series, we found its use 
justifiable and found this soil series to provide better results 
in evaluation. Parameters used to calibrate relaxation of the 
vadose zone, surface water runoff, wetness index, and peak 
runoff were calibrated within the broad default values of the 
model because the model was developed for a landscape 
comparable to our application (Brauer et al., 2014). 
Model calibration was completed for the 2015 growing 
season (May to October) comparing simulated total runoff 
to observed surface and tile flow at the edge-of-field. The 
Nash-Sutcliffe efficiency (NSE) was used as the calibration 
statistic given its ubiquitous use in hydrologic and water 
quality models (Brauer et al., 2014). NSE was calculated for 
daily and hourly timesteps. Optimum model calibration was 
found using the hydroPSO particle swarm optimization tech-
nique (Zambrano-Bigarini and Rojas, 2013). To validate the 
model, we assessed both the NSE statistic and the long-term 
stability of the groundwater table over the entire 2015 calen-
dar year. 
EXPLORATORY DATA ANALYSIS 
We were particularly interested in the applicability of the 
18OPO4 signatures for improving understanding of intra-
event variability and flow pathways of DRP in tile-drained 
fields. Therefore, we performed an exploratory analysis in 
which we discretized the monitored storm event into five 
zones of the storm hydrograph: (1) baseflow, (2) initial wet-
ting of the soil matrix on the rising limb of the hydrograph, 
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(3) peak rainfall and flow, (4) falling limb of the hydrograph, 
and (5) post-event baseflow. We then compared isotope sig-
natures during phases of the event with soil moisture varia-
bility, WEP values, soil water extract P values that were 
equilibrated with water isotopes, and nutrient concentra-
tions. Simple linear regressions were performed to compare 
variables and analyze scatter plots visually. For these anal-
yses, 18OPO4 of tile drainage water was the dependent vari-
able (y), and nutrient concentrations and wetness index were 
the independent variables (x). 
RESULTS AND DISCUSSION 
INTRA-EVENT VARIABILITY OF TILE DRAIN  
PHOSPHATE OXYGEN ISOTOPE SIGNATURES 
Tile drain 18OPO4 (18OPO4-Drain) showed marked varia-
tion over the course of the monitored storm event (fig. 2b). 
Preceding the storm event (zone 1), 18OPO4-Drain averaged 
16.3‰, which decreased to 14.9‰ at the onset of soil wet-
ting (zone 2). A rapid increase in 18OPO4-Drain was found be-
tween zones 2 and 3 (with 18OPO4-Drain increasing from 16‰ 
to 17.5‰). Over the course of the falling limb of the hydro-
graph (zone 4), 18OPO4-Drain decreased slightly and averaged 
17.0‰ until tile discharge returned to baseflow levels 
(zone 5) where 18OPO4-Drain increased to 18.0‰. 
The 3.5‰ fluctuation of 18OPO4-Drain within the moni-
tored storm event was significant given the amount of varia-
tion in phosphate isotope signatures reported in previous 
studies. For example, Gooddy et al. (2016) found that 
18OPO4 values over a 200 m stream reach with multiple 
source inputs, including a wastewater treatment plant and 
livestock farm, only varied by 2.0‰ to 2.8‰ during low 
flow and high flow sampling, respectively. Similarly, during 
a longitudinal river survey in southwest England, Granger et 
al. (2017) found that 18OPO4 signatures in tributaries and 
along the main stem of the river only varied by 1.7‰. Given 
the broad range in 18OPO4-Drain observed during the current 
study and the limited source variability of P isotope signa-
tures (discussed later), the results suggest that the temporal 
variation in 18OPO4 signatures from drainage waters can be 
as large (or larger) than the spatial variability associated with 
multiple source contributions, and thus may provide im-
portant insight into P processes and cycling. 
RELATIONSHIP BETWEEN DRAINAGE PHOSPHATE  
OXYGEN ISOTOPES, NUTRIENT CONCENTRATION,  
AND SOIL MOISTURE 
Nutrient Concentration 
Nutrient concentrations measured in tile drain discharge 
displayed broad and periodically contrasting gradients dur-
ing the monitored storm event (fig. 2c). Average concentra-
Figure 2. Time series of tile drainage measurements and model results including (a) hydrologic parameters including precipitation, tile drain 
flowrate, and wetness index, (b) P stable oxygen isotope signatures of composited water samples, and (c) nutrient concentration variables (NO3, 
NH4, and PO4-P). Different zones are highlighted to reflect (1) pre-event, (2) matrix re-wetting, (3) saturated conditions with peak flow, (4) receding 
limb, and (5) post-event. 
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tions for DRP, NO3-N, and NH4-N were 0.83, 19.43, and 
12.3 mg L-1, respectively. During both pre-event and post-
event baseflow, DRP, NO3-N, and NH4-N were less than av-
erage concentrations. The initial wetting of the soil matrix 
on the rising limb of the hydrograph was characterized by 
maximum DRP concentration (1.1 to 1.2 mg L-1) and mod-
erately low values of inorganic N (16.7 mg NO3-N L-1 and 
7.8 mg NH4-N L-1) relative to average concentrations for the 
event. Following peak DRP concentration on the rising limb, 
DRP concentration remained elevated (1.2 mg L-1) through 
peak flow and then decreased to 0.88 mg L-1 on the falling 
limb of the hydrograph. Inorganic N (both NH4-N and NO3-
N) concentrations sharply increased (up to a cumulative 
value of 125 mg L-1) during peak flow and then rapidly de-
creased to pre-event baseflow levels. Throughout the falling 
limb of the hydrograph, DRP concentration remained stable 
(~0.84 mg L-1), and the cumulative inorganic N concentra-
tion remained at pre-event baseflow levels (~14 mg L-1). 
Comparison of 18OPO4-Drain signatures with tile drain nu-
trient concentrations using linear regression resulted in weak 
correlation. Values of 18OPO4-Drain were not significantly re-
lated to NO3-N concentration (y = 0.01x + 16.76; R2 = 0.03; 
p > 0.05), NH4-N concentration (y = 0.01x + 16.75; R2 = 
0.04; p > 0.05), or DRP concentration (y = 0.19x + 16.74; 
R2 = 0.00; p > 0.05). Poor relationships between DRP con-
centration and 18OPO4 signatures have been reported previ-
ously (e.g., Elsbury et al., 2009; Granger et al., 2017). How-
ever, Gooddy et al. (2016) reported a significant positive re-
lationship between 18OPO4 signature and DRP concentration 
in river water during low flow and a significant negative re-
lationship between 18OPO4 signature and DRP concentration 
during high flow. These results suggest that in some in-
stances (or at some study sites) P source signature and mag-
nitude of DRP concentration may be explicitly linked, but 
they may be decoupled in others. 
Soil Moisture 
Model calibration and validation results for the WAL-
RUS model simulation are provided in figures 3 and 4, re-
spectively, with calibrated model parameters provided in the 
bottom right corner of each figure. Results of the optimiza-
tion resulted in a maximum daily NSE value of 0.5 for cali-
bration and 0.3 for validation at a daily timestep. These sta-
tistics decreased slightly when an hourly timestep for cali-
bration was used (NSE = 0.4) and remained the same for val-
idation (NSE = 0.3). An NSE > 0.5 for calibration has been 
characterized as satisfactory for monthly timestep evaluation 
of field-scale flow modeling (Moriasi et al., 2007). However, 
calibration statistics are often relaxed at smaller timesteps 
(i.e., weekly, daily, hourly). For instance, Moriasi et al. 
(2007) identified several studies with NSE values exceeding 
0.5 at monthly timesteps that had NSE < 0.5 at daily 
timesteps. As an example, Fernandez et al. (2005) found 
NSE values of 0.664 for monthly simulation of DRAIN-
MOD-W that dropped to 0.363 when evaluated on a daily 
timestep. Visually, we were able to accurately capture sev-
eral runoff events outside of the calibration period, despite 
the drop in NSE (fig. 4). As part of the validation process, 
the behavior of the groundwater table was qualitatively eval-
Figure 3. Calibration of the WALRUS model for the growing season. Plots are generated from the software simulated in R as discussed by Brauer
et al. (2014). Plotted model outputs and forcing data include discharge (Q), precipitation (P), evapotranspiration (ET), wetness index (W), storage 
deficit (dv), groundwater depth (dg), surface water level (hs), groundwater drainage (fGS), seepage (up and down) (fXG), and surface water supply 
(fXS). Calibration parameters include wetness index parameter (cW), vadose zone relaxation time (cV), groundwater reservoir constant (cG), 
quickflow reservoir constant (cQ), and a surface water parameter (cS). Refer to Brauer et al. (2014) for description of the model theory and 
numerical framework. As a reference, the area inside the dashed box highlights the storm event monitored in June 2015 for nutrient concentration 
and phosphate isotope analysis 
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uated to ensure realistic dynamics. Model results showed 
that the groundwater table oscillated above and below the 
tile drainage depth during the wet season, dipped below the 
tile drain depth in the dry season, and was subsequently re-
plenished at the end of the year (fig. 4). These results support 
that our model was adequate for assessing soil moisture var-
iability, which was the main objective of the model applica-
tion. While a formal uncertainty analysis of the model was 
not performed, the wetness index (W) had consistent trends 
for our monitored storm event, regardless of the parameteri-
zation of boundary conditions and soil type; therefore, we do 
not anticipate the interpretation of our results to change un-
der alternative parameterizations. 
Results for W during the storm event showed moderate 
soil moisture content at the beginning of the event that in-
creased to fully saturated conditions by the end of the event 
(fig. 2a). It is important to first note that the event occurred 
during a wet portion of the year. The average W value for 
June was 0.72, which far exceeded the annual average of 
0.39 (fig. 4). In the two weeks preceding the monitored 
storm event, the field received 130 mm of precipitation, 
which constitutes >10% of the site’s annual precipitation. As 
a result, W during pre-event baseflow was above average for 
the year and ranged from 0.5 to 0.6. The onset of precipita-
tion resulted in increased soil moisture storage, which in-
creased W from 0.6 to 0.72 on the rising limb of the storm 
hydrograph. Continued precipitation led to saturated soil 
moisture conditions with a maximum W of 0.91 occurring 
near peak tile flow. A slow recession of the W parameter oc-
curred throughout the falling limb of the hydrograph, with a 
final value of 0.88. 
Linear regression between 18OPO4-Drain signatures and W 
showed a strong positive relationship during the monitored 
storm event (fig. 5), which suggests that fluctuations in 
18OPO4-Drain signatures were dynamically linked to changes 
in field soil moisture status. While several studies have re-
ported differences in 18OPO4 under contrasting flow condi-
tions, results from the current study are the first to show that 
changing soil moisture conditions during a storm event may 
influence 18OPO4 in drainage water. Future research investi-
gating the relationship between 18OPO4 and W over broader 
timescales (seasonal to annual) is warranted, given the key 
role that soil moisture has on flow pathways through the soil 
profile, microbial activity, and nutrient transport. 
SOIL WATER‐EXTRACTABLE PHOSPHORUS  
CONCENTRATION AND PHOSPHATE  
OXYGEN ISOTOPES 
Average soil WEP concentrations were >2.21 mg P kg-1 
in the top 20 cm of the soil profile, and average concentra-
tions were <0.19 mg P kg-1 between 20 and 80 cm depths 
(fig. 6). Phosphorus stratification within the soil profile is 
common in agroecosystems (e.g., Baker et al., 2017) and 
likely reflects the historical nutrient management practices 
at the field site in which years of poultry litter application 
followed by tillage increased P concentrations in the plow 
layer (0-20 cm). Soil WEP 18OPO4 values (i.e., 18OPO4-WEP) 
were measured for the 0-5 cm (n = 6) and 5-20 cm (n = 6) 
Figure 4. Validation of the WALRUS model for the 2015 calendar year. Plots are generated from the software simulated in R as discussed by 
Brauer et al. (2014). Plotted model outputs and forcing data include discharge (Q), precipitation (P), evapotranspiration (ET), wetness index (W), 
storage deficit (dv), groundwater depth (dg), surface water level (hs), groundwater drainage (fGS), seepage (up and down) (fXG), and surface water 
supply (fXS). Calibration parameters include wetness index parameter (cW), vadose zone relaxation time (cV), a groundwater reservoir constant 
(cG), quickflow reservoir constant (cQ), and a surface water parameter (cS). Refer to Brauer et al. (2014) for description of the model theory and 
numerical framework. As a reference, the area inside the dashed box highlights the storm event monitored in June 2015 for nutrient concentration 
and phosphate isotope analysis. 
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depths and averaged 18.3‰ and 18.4‰, respectively 
(fig. 2c). We did not obtain isotopic signatures for soil WEP 
below 20 cm because concentrations were an order of mag-
nitude smaller than the upper 20 cm. Results of Student’s t-
test to compare soil WEP concentrations and 18OPO4-WEP 
signatures between the 0-5 cm and 5-20 cm depths indicated 
no significant difference (p > 0.05) between depths for either 
parameter. 
Calculation of microbially mediated isotopic equilibrium 
is important for quantifying the non-conservative behavior 
of 18OPO4 signatures in the WEP pool and can provide in-
sight into source deviations from the original signatures. Ex-
pected isotopic equilibrium of 18OPO4 in the WEP pool with 
soil water was calculated using a conservative range of liter-
ature-derived 18OH2O signatures for drainage waters in the 
region (-10‰ to -6‰) and measured long-term soil temper-
atures from the nearby study site (12.8°C at 5 cm; 14.7°C at 
20 cm). Calculated results showed that expected isotopic 
equilibrium would be between 13.6‰ and 17.9‰. Thus, av-
erage 18OPO4-WEP signatures were 0.4‰ to 4.7‰ greater 
than expected isotopic equilibrium values. While the esti-
mate is overly conservative, the equilibrium values for this 
broad uncertainty range do not overlap with the range of 
measured soil WEP 18OPO4 values. This finding suggests 
that the surface soils reflected, to some degree, the original 
source of P (poultry litter) that was applied to the field more 
 
Figure 5. Scatterplots and linear regression analysis of tile-drain phosphate oxygen isotope measurements with the modeled values for soil water
wetness (W) index. 
 
Figure 6. Vertical profile characteristics including water-extractable P (WEP), soil temperature gradients (averaged from a nearby site in DeKalb
County, Indiana), estimated soil water equilibrium (SWE) phosphate isotope signatures for pore water in the vadose zone, and stable oxygen 
isotope composition of WEP. Error bars reflect 1 standard deviation of datasets. 
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than ten years before the monitored event. Previous studies 
examining soil WEP have found mixed results regarding 
18OPO4-WEP establishing equilibrium with soil water 18OH2O 
(Tamburini et al., 2012; Joshi et al., 2016; Zohar et al., 
2010a.). For instance, Joshi et al. (2016) observed that fol-
lowing fertilizer application (38‰) 18OPO4-WEP (0-2 cm 
depth) was ~10‰ lighter (approaching equilibrium) after 18 
days and in complete equilibrium with soil water 18OH2O af-
ter 155 days. However, soil nutrient status may influence mi-
crobial P intracellular cycling (Gross et al., 2015). Examin-
ing changes in soil 18OPO4 between plots that had received 
no P inputs and plots receiving chronic P additions, Gross et 
al. (2015) found that bioavailable soil 18OPO4 for the plots 
receiving chronic P additions was only slightly deviated 
from the value of the added P compound, while values ap-
proached equilibrium for the no-P plots. Given the elevated 
soil WEP concentrations in the current study, it is likely that 
the microbial biomass was not P-limited, resulting in reten-
tion of the original 18OPO4 signature of the poultry manure 
source. Because fields with high soil test P concentrations 
are recognized hotspots of DRP delivery at watershed scales 
(Baker et al., 2017), 18OPO4 may be a useful indicator for 
targeted watershed nutrient management strategies by char-
acterizing spatial variability in soil WEP pools. 
Because 18OPO4-WEP was not within the range of expected 
isotopic equilibrium values, expected soil water equilibrium 
(SWE) 18OPO4 (i.e., 18OPO4-SWE) signatures could poten-
tially serve as an additional end-member for understanding 
18OPO4-Drain dynamics during the storm event. Values of 
18OPO4-SWE were calculated by varying soil temperature and 
soil water 18OH2O by depth, with a typical 18OPO4-SWE pro-
file developed for the study site. Using this approach, results 
showed that soil temperature variability with depth can exert 
a strong control on 18OPO4-SWE signatures. Temperature gra-
dients in the soil profile alone resulted in a 0.6‰ to 1‰ in-
crease in the expected 18OPO4-SWE from the 5 to 60 cm depth 
(fig. 6). Values of 18OPO4-SWE shown in figure 6 reflect an 
overly conservative range of typical 18OH2O values for pre-
event water in drainage waters in the region (-10‰ to -6‰; 
Kendall et al., 2001; Dutton et al., 2005; Vidon and Caudra, 
2010; Williams et al., 2016a) and soil temperatures at which 
equilibration could occur. As such, expected equilibrium 
values of 18OPO4-SWE throughout the soil profile ranged from 
11.9‰ (depth = 5 cm, temperature = 25.5°C, 18OH2O =  
-10‰) to 17.5‰ (depth = 60 cm, temperature = 15.27°C, 
18OH2O = -6‰). It is of interest that even when using these 
overly conservative ranges of soil temperature and soil water 
18OH2O values, the 18OPO4-SWE range did not overlap with 
measured 18OPO4-WEP values; however, it overlapped with 
the range in values for 18OPO4-Drain. Additionally, 18OPO4-
SWE at shallow and deeper soil depths also exhibited distinct 
ranges in values. To establish a typical 18OPO4-SWE profile 
for the study site, an average precipitation value of 18OH2O 
was assumed to be -9‰ (Dutton et al., 2005), and soil water 
18OH2O at the bottom of the root zone (where evapotranspi-
ration reaches zero) was assumed to equal an average pre-
event value of -7.3‰ (average of nearby pre-event water 
from tile drains) (fig. 6). Because much of the evapotranspi-
ration for maize occurs in the top half of the root zone, we 
assumed that 70% of the water isotope fractionation oc-
curred linearly in the first 30 cm of the profile, and the re-
maining 30% occurred in the lower 30 cm of the root zone 
(USDA-NRCS, 1997). 
USING PHOSPHATE OXYGEN ISOTOPES TO  
ASSESS DRP FATE AND TRANSPORT  
IN DRAINED LANDSCAPES 
Combining measured values of nutrient concentration, 
18OPO4-Drain, and 18OPO4-WEP with modeled soil moisture sta-
tus (W) and estimated 18OPO4-SWE, potential P sources and 
flow pathways at the study site were inferred for the five 
zones of the monitored storm event. Results highlight the po-
tential for 18OPO4 to serve as a valuable tracer to help quan-
tify DRP fate and transport in tile-drained landscapes. 
Pre-Event Baseflow (Zone 1) 
During the time preceding the monitored storm event, nu-
trient concentrations (NO3-N, NH4-N, and DRP) were low 
relative to concentrations later in the event, and 18OPO4-Drain 
values averaged 16.3‰. Values of 18OPO4-Drain were similar 
to the estimated 18OPO4-SWE values at deeper depths in the 
soil profile. Because pre-event tile water often reflects dif-
fuse matrix percolation, DRP that was transported through 
the soil matrix between the monitored event and the previous 
event (June 16) had likely equilibrated to expected tempera-
ture and water isotope dependent values as a result of micro-
bial P cycling. Similar rates of microbial P cycling overwrit-
ing original source signatures (i.e., 18OPO4-WEP for the field 
in the current study) have been observed in several studies 
using 18OPO4 (Zohar et al., 2010a, 2010b; Tamburini et al., 
2012; Joshi et al., 2016). 
Rising Limb of Hydrograph (Zone 2) 
Moderate values of W (0.55 to 0.72) and 18OPO4-Drain val-
ues (as low as 14.9‰) becoming increasingly similar to 
18OPO4-SWE values at shallow depths in the soil profile sug-
gest increased connectivity between near-surface soils and 
the tile drain during zone 2 (fig. 2b). Changes in 18OPO4-Drain 
on the rising limb of the hydrograph coincided with large 
increases in DRP concentration (1.1 to 1.2 mg L-1) and slight 
increases in the combined inorganic N concentration (13 to 
40 mg L-1) relative to baseflow (fig. 2c). Numerous studies 
have observed large increases in DRP concentration on the 
rising limb of the hydrograph (King et al., 2015b), which has 
led to the prevailing hypothesis in the literature that DRP 
transport to tile drains is largely the result of macropore 
flow. 
Results from the current study suggest that much of the 
DRP delivered to the tile drains in zone 2 of the hydrograph 
was through unsaturated macropore flow pathways initiated 
by advancement of the wetting front in near-surface soils. 
Previous studies have found that unsaturated macropore 
flow is often initiated at the soil surface either due to surface 
ponding or surface saturation (Weiler and Naef, 2003; 
Dahlke et al., 2012; Mirus and Nimmo, 2013; Klaus et al., 
2013; Ford et al., 2017). Examining flow and P transport on 
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a hillslope, Dahlke et al. (2012) found that under wet ante-
cedent conditions (similar to our study) P that had accumu-
lated in the shallow subsurface as a result of past fertilizer 
applications was mobilized during storm events with water 
stored in the soil matrix prior to the event (i.e., pre-event or 
old water). For our case study, we postulate that surface sat-
uration and mobilization of the wetting front over the first 
few hours of the event led to matrix-macropore interaction 
and subsequently high DRP concentrations in the tile drain. 
Small increases in dissolved inorganic N concentration 
within zone 2 support our hypothesis. Given the recent ap-
plication of inorganic N fertilizer, we would have suspected 
peak concentrations of N (as found in zone 3) if soil water 
was the sole source of preferential flow during this stage of 
the hydrograph; however, the moderate N concentrations 
(relative to other concentrations during the monitored event) 
likely reflect some level of mixing of precipitation (low in 
N) with soil water (enriched in leached NO3 and NH4) deliv-
ered to the unsaturated macropores. This result is further 
supported by a nearby watershed-scale study in Indiana, 
which highlighted that increased drainage density leads to a 
higher proportion of near-surface storm event water early in 
the hydrograph (Kennedy et al., 2012). 
It is important to note that our study results show that 
18OPO4-Drain on the rising limb was more like shallow 
18OPO4-SWE rather than 18OPO4-WEP, which highlights the im-
portance of mobilization of previously leached DRP that re-
sides in the matrix, as opposed to newly leached WEP. As 
such, DRP transported in unsaturated macropore flow path-
ways was P that was previously released into the soil solu-
tion (likely from the original source (18OPO4-WEP) during the 
previous event) and then cycled by microbial biomass. Thus, 
the length of time and the antecedent soil moisture condi-
tions (e.g., W) between storm events may influence  
18OPO4-Drain values, maximum DRP concentration, and the 
utility of 18OPO4 as a tracer of P sources. For instance, in-
creasing DRP concentration (up to 3 mg L-1) from the same 
tile drain monitored in this study has been observed during a 
series of storm events (King et al., 2016). We postulate that 
increasing maximum DRP concentration during a series of 
storm events may be due to a combination of factors in the 
shallow subsurface layer, e.g., change in redox potential (see 
Rupp et al., 2004), which leads to high leaching in a prior 
event and then an initial flush at the beginning of the subse-
quent event through macropore pathways. 
Peak Flow (Zone 3) 
Our results indicate that DRP in the near-surface soil ma-
trix was mobilized from the soil WEP pool under saturated 
conditions and subsequently transported to tile drains in 
zone 3. As soil wetness increased, 18OPO4-Drain also in-
creased relative to the rising limb of the hydrograph (16.5‰ 
to 18‰) and approached values similar to 18OPO4-WEP. We 
highlight the plausibility of saturated macropores becoming 
activated because 18OPO4-Drain was consistent with expected 
18OPO4-SWE values at deep soil depths prior to the event and 
shallow soil depths on the rising limb of the hydrograph, and 
then remained bounded between 18OPO4-WEP and expected 
18OPO4-SWE at deeper depths in the soil profile throughout 
the rest of the event (zones 4 and 5), suggesting mixture of 
old and new water. Therefore, we would not suspect that ma-
trix percolation would be the pathway of newly leached P 
from surface soils during this stage of the event. Similarly, 
Klaus et al. (2014) found that immobilized pesticides in shal-
low soil layers were released under saturated conditions and 
delivered to tile drains via saturated macropore flow. Based 
on the historical poultry litter application at the field in the 
current study, results suggest that 18OPO4-Drain revealed the 
release and transport of legacy P within the monitored storm 
event. 
Patterns of nutrient concentrations, 18OPO4-Drain, and W 
indicate that unsaturated macropore flow observed on the 
rising limb of the hydrograph had transitioned to predomi-
nately saturated macropore flow during peak rainfall and 
flow periods. Saturated macropore flow has been shown to 
consist of both pre-event water and event water due to the 
interaction between matrix and macropore flow pathways 
(Klaus et al., 2013). The high DRP concentrations early in 
this stage of the hydrograph reflect direct connectivity to the 
near-surface. Later in zone 3, mixing of event water with el-
evated DRP concentration from the near-surface with higher 
proportions of pre-event matrix water deeper in the vadose 
zone with low DRP concentration likely resulted in the ob-
served decrease in DRP during this zone of the event. Simi-
larly, the peak and decline in dissolved inorganic N concen-
tration was consistent with preferential flow through satu-
rated pathways and matrix-macropore interaction. Initially, 
saturated soil conditions in the shallow subsurface resulted 
in mobilization of recently applied N fertilizer stored on the 
surface and in the shallow soil matrix, which was followed 
by rapid transport to the tile drain in saturated macropores. 
Kennedy et al. (2012) observed similar patterns in NO3-N 
transport in tile-drained watersheds, where the maximum 
NO3-N concentration was observed following the hydro-
graph peak. The rapid drop in N concentrations coinciding 
with the drop in DRP concentrations reflects hydrologic dis-
connectivity with near-surface soils and enhanced connec-
tivity with the deeper vadose zone through saturated 
macropore flow. 
Falling Limb of Hydrograph (Zone 4) 
Throughout the falling limb of the hydrograph, DRP con-
centration continued to slowly decrease, and dissolved inor-
ganic N concentration returned to baseflow values (fig. 4). 
Soil wetness remained high (W = 0.9), and 18OPO4-Drain de-
creased from 18‰ to 16.9‰ and then increased (fig. 2a). 
High values of W, higher DRP concentration relative to 
baseflow, and greater 18OPO4-Drain values than would be ex-
pected for 18OPO4-SWE gradients in the soil profile suggest 
that saturated macropores likely remained activated, espe-
cially early in zone 4. Results suggest that decreasing 
18OPO4-Drain during the initial part of zone 4 reflects percola-
tion of a mixture of deep 18OPO4-SWE and 18OPO4-WEP. After 
6:00 p.m. on June 27, 18OPO4-Drain increased, which likely 
reflects the dominance of 18OPO4-WEP transported through 
diffuse percolation through the soil matrix. A one-day lag 
time between peak rainfall and diffuse percolation of 
18OPO4-WEP from the soil surface to the depth of the tile drain 
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is plausible for the fine-textured soil in this study. For exam-
ple, Vidon and Cuadra (2010) noted that water would take at 
least 22 h to percolate through the soil matrix to tile drains 
through diffuse pathways. 
Post-Event Baseflow (Zone 5) 
During post-event baseflow, 18OPO4-Drain remained simi-
lar to 18OPO4-WEP (fig. 2b and 6c). Although storm event 
monitoring ceased as tile flow returned to baseflow values, 
as the soil profile began to dry we expect that microbial cy-
cling would eventually overwrite the original source signa-
ture that was released during the event. Thus, given suffi-
cient time, 18OPO4-Drain would reflect deep 18OPO4-SWE, as 
observed prior to the monitored event. 
IMPLICATIONS FOR DRP MANAGEMENT 
Results of our study indicate not only the utility of 
18OPO4-Drain to inform perceptual models of DRP fate and 
transport but also improve management strategies at the field 
scale. To illustrate this point, we provide estimates of cumu-
lative DRP load throughout each zone of the event (fig. 7). 
Event tile DRP load was calculated by summing the product 
of flow and nutrient concentration at a 30 min timestep over 
the course of the monitored event. Linear interpolation was 
used to determine DRP concentration between collected 
samples. Flow rate was obtained from the USDA edge-of-
field data. Cumulative load throughout the event was also 
calculated and normalized by dividing by total event load, 
such that values ranged from 0 to 1. Results of the analysis 
show that nearly 100% of the load (0.30 kg P) was delivered 
from the tile drains during zones 2 through 4. Specifically, 
30% (0.09 kg P) of the loading occurred in zone 2, 40% 
(0.12 kg P) in zone 3, and 30% (0.09 kg P) in zone 4. We 
emphasize the results for zone 2, in which 18% of the tile 
flow contributed 30% of the DRP load. Our results suggest 
that this “hot moment” of DRP delivery originated from 
SWE-P and was transported via unsaturated macropore path-
ways, highlighting the importance of antecedent leaching of 
P to contribute significant fluxes during an event. Manage-
ment strategies targeted at reducing the unsaturated 
macropore structure below the shallow soil surface prior to 
an event have potential to decrease these rapid fluxes by 
forcing water through tortuous matrix percolation. As an ex-
ample, drainage water management (DWM) structures are 
widely used to maintain moisture in the field during the 
growing season to minimize the effect of drought on crop 
stress and have been shown to reduce DRP loads in tile-
drained landscapes (Zhang et al., 2017); however, high water 
tables can adversely impact reducing conditions and P solu-
bility in soils, resulting in an increase in DRP concentrations 
(King et al., 2015b, and references within). Based on the re-
sults of our study, we suspect that 18OPO4-Drain could provide 
valuable insight for planning of drainage water management 
activities and is an area for future work. 
CONCLUSION 
In this study, a novel dataset of 18OPO4 values collected 
during a large summer storm event from a tile-drained agri-
cultural field was presented. Using a combination of 18OPO4 
values from tile drain water and soil water extracts, nutrient 
concentrations, soil temperatures, and soil water modeling, 
we were able to elucidate potential sources and flow path-
ways of DRP delivery to tile drains. Results show that ele-
vated DRP concentrations observed during earlier matrix 
wetting periods were, at least partially, in isotopic equilib-
rium with shallow soil water and were likely transported via 
unsaturated macropore flow. As soil moisture increased dur-
ing the event, DRP transport transitioned from unsaturated 
to saturated macropore flow pathways. Increasing soil mois-
ture resulted in desorption of DRP from surface soils that 
likely resembled the original source of P (poultry litter) that 
was applied to the field more than ten years before the mon-
itored event. Findings indicate that 18OPO4 therefore has 
Figure 7. Cumulative load curve for DRP load during the June 2015 storm event. Horizontal lines reflect 18OPO4 signatures of different DRP 
pathways during the event including WEP, shallow soil water, and deep soil water and are compared with the measured tile-drain 18OPO4 signa-
tures (1 standard deviation). 
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utility for tracing DRP fate and transport in tile-drained ag-
ricultural fields and potentially for quantifying the ability of 
the soil to resupply the soil solution with available P that 
could be used for crop uptake. Additionally, 18OPO4 has 
broader implications for improving model structure and re-
ducing uncertainty in model output, as current applications 
to simulate P fate and transport in tile drains are limited. Jen-
sen et al. (2018), for instance, highlighted that stable isotopes 
of C and N have been effective at constraining uncertainty 
in water quality models by reducing the broad potential pos-
terior solution space for highly parametric models and high-
lighting when perceived important processes disagree with 
isotope tracer values. An analogous process for simulating P 
pathways and fate is expected for the 18OPO4 signature, 
given its sensitivity to pore-water residence time and vertical 
profile variability, which in turn has implications for im-
proving field-scale nutrient management strategies. 
Notwithstanding the significance of our findings, we also 
highlight some limitations of this study that may help inform 
experimental design of future field and watershed-scale 
18OPO4 studies. Namely, we highlight our assumptions re-
garding soil temperature and 18OH2O. Our results indicate 
the importance of soil water extract P to, at least partly, 
equilibrate with 18OH2O during extended residence times in 
the vadose zone due to microbial activity. We generated a 
conservative range of potential equilibrium values, given 
that we did not measure either 18OH2O or temperature at our 
study site. Inclusion of these measurements in experimental 
designs over appropriate timescales in which equilibration 
could occur would allow more precise quantification of equi-
librium and subsequently would reduce uncertainty in source 
and pathway partitioning. Further, our application was spe-
cific to one field site and one event, in which the field had a 
single P source. Future work should assess the efficacy of 
the tracer to provide insight for a range of soil test P levels, 
agronomic practices, and temporal domains. 
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